9 that modulates ARF transcription factor activity 1-3 . Gene duplications in families encoding 10 auxin response components have generated tremendous complexity in most land plants, and 11 neofunctionalization enabled various unique response outputs during development 2-4 . 12 However, it is unclear what fundamental biochemical principles underlie this complex 13 response system. By studying the minimal system in Marchantia polymorpha, we derive an 14 intuitive and simple model where a single auxin-dependent A-ARF activates gene expression.
2
The plant hormone auxin controls essentially all aspects of growth and development, and 20 developmental contexts determine its many unique responses 1,2 . TIR1/AFB F-box proteins 21 perceive auxin and promote ubiquitination and degradation of Aux/IAA transcriptional repressors. 22 Aux/IAAs inhibit DNA-binding ARF transcription factors through direct interaction, and auxin 23 thus releases ARFs from inhibition 3 . Although this signaling module seems simple, each extant liverwort Marchantia polymorpha is representative of this minimal system (Fig. 1a) , and 42 may thus resemble the ancestral system before acquiring complexity. Here, we used the M. 43 polymorpha auxin response system to understand a minimal auxin response system. 44 Given that functional diversification in M. polymorpha is restricted to the ARF family, we complemented developmental defects in the Mparf1 mutant ( Fig. 1b,c) , which suggests non-51 equivalent ARF functions. 52 ARFs have a typical domain topology with a DNA-binding domain (DBD), a middle region 53 (MR), and a Phox/Bem1 (PB1) oligomerization domain ( Fig. 1d) . To investigate functional 54 diversification among MpARFs, we performed domain-swaps ( Fig. 1e ) and expressed chimeric 55 proteins from the MpARF1 promoter in the Mparf1 mutant background. ARF111 (each domain 56 derived from MpARF1) fully complemented Mparf1 defects ( Fig. 1f; Fig. S1 ), suggesting that 57 linkers between domains did not affect function. First, we compared DBD's functions: ARF211 58 fully complemented the Mparf1 mutant, while ARF311 did not ( Fig. 1f; Fig. S1 ). Thus, MpARF2 59 DBD is functionally equivalent to MpARF1 DBD, while MpARF3 is not. We solved the crystal 60 structure at 2.96 Å resolution ( Fig. 1g and Table S1 ; PDB ID: 6SDG) of MpARF2 DBD in 61 complex with a DNA oligonucleotide chosen based on Arabidopsis ARF DNA-binding 62 preference 11 , and identified residues directly contacting DNA ( Fig. S2) . We next generated To compare in vivo target specificity between MpARF1 and MpARF3, we performed 70 transcriptome analysis on Mparf1 and Mparf3 mutants. Since both are important for gemma 71 development 4,12,13 , we micro-dissected developing gemmae ( Fig. 1j; Fig. S3 ) and performed RNA-72 seq. Principal component analysis (PCA) clustered each genotype separately, suggesting distinct 73 gene expression profiles ( Fig. 1j) . Furthermore, there was limited overlap between differentially 74 expressed genes in each mutant ( Fig. 1k ) except for downregulated genes that may reflect impaired 75 gemma development in both mutants. This suggests that MpARF1 and MpARF3 regulate largely 76 different gene sets. 77 The MR defines the transcriptional activity of ARF proteins, acting as a modular activation 78 and/or repression domain 14 , and MpARF1 and MpARF2 have opposing activities on a model gene 79 when expressed in tobacco 15 . To investigate MR diversity, we replaced the MpARF1 MR with that 80 4 of MpARF2 or MpARF3 (ARF121, ARF131; a silent mutation was introduced in the MpARF3 81 MR to prevent microRNA160 regulation 13 ). Neither ARF121 nor ARF131 complemented the 82 Mparf1 mutant, but instead induced more severe phenotypes, producing callus-like cell masses in 83 both lines ( Fig. 2a) . These resemble the effects of non-degradable Aux/IAA repressor (mIAA-GR; which was lost when the LFG motif was substituted by alanines ( Fig. 2d; Fig. S4) . A 17 amino 91 acid fragment encompassing the LFG motif of all MpARFs, but not LFG-to-AAA mutant versions, 92 showed repressor activity when co-expressed with MpTPL in tobacco cells ( Fig. 2e; Fig. S5 ). 93 Finally, deletion of the LFG motif in MpARF2 and MpARF3 (ARF12 D 1 and ARF13 D 1) eliminated 94 the strong phenotypes seen in ARF121 and ARF131 lines, and partially complemented the Mparf1 95 mutant ( Fig. S6a ), yet did not mediate auxin-dependent gene activation ( Fig. S6b) . We could not 96 detect a function for the conserved LFG motif in MpARF1, as deletion did not affect the ability to 97 complement the Mparf1 mutant ( Fig. S6a) , or to mediate auxin-dependent gene activation or 98 repression ( Fig. S6c) . Thus, while MpARF1 activates transcription, MpARF2 and MpARF3 99 recruit MpTPL to repress transcription. 100 ARF PB1 domains confer auxin-dependence through interaction with Aux/IAAs 3 , and can 101 also homo-oligomerize 17,18 , in vivo significance for which is unknown. PB1 domains were 102 swapped among MpARFs: while ARF112 partially complemented the morphological defects of 103 the Mparf1 mutant, ARF113 did not ( Fig. 3a,b) . Despite complementation under standard 104 conditions, ARF112 did not show any response to auxin ( Fig. 3a,b) . Thus, MpARF2 and MpARF3 105 appear to function independently of auxin, which is consistent with limited Arabidopsis B/C-ARF 106 -Aux/IAA interactions 7,8 . To determine the structural basis for potential differential interactions, 107 we generated structural homology models of MpIAA and MpARF1-3 PB1 domains. These showed 108 marked differences in surface charge, mainly on the negative face, (Fig. 3c) , which suggests unique 109 interaction properties of each PB1 domain. The MpARF2 PB1 domain can replace the MpARF1 PB1 domain under standard, but not 111 auxin-induced conditions (Fig. 3a,b) , which suggests function of the MpARF2 PB1 domain is 112 independent of auxin. MpARF1 lacking its PB1 domain (ARF110) could not complement the 113 Mparf1 mutant (Fig. 3a,b) Mparf1 mutant defects, producing flat thalli with proper organs (Fig. 3a,b) . This demonstrates the 117 importance of homotypic interaction and suggests that this property is shared between A-and B- 118 ARFs, but not C-ARFs, which is consistent with previous interaction assays 15 . Given that 119 MpARF3 is not auxin-regulated and controls different genes from MpARF1, this transcription 120 factor seems unrelated to auxin response in M. polymorpha. (Fig. 4a,b) . We next increased levels of MpARF1, MpARF2 or both. endogenous MpARF2 gene (Fig. S8a,b) . Elimination of the additional MpARF2 copy triggered 141 nuclear-localized tdTomato expression, leading to fluorescent mutant sectors (Fig. S8c,d) . 142 Without induction, Mparf2 cko mutants produced normal thallus ( Fig. 4c; Fig. S8c ), but Cre-143 induction caused growth retardation and abnormal morphology in young gemmalings ( Fig. 4c;   144   Fig. S8c) and growth arrest and gemma cup enlargement in mature thallus (Fig. 4d) . These results 145 suggest that MpARF2 is critical for development and meristem maintenance. 146 Antagonism by direct competition between MpARF1 and MpARF2 is only realistic if their 147 DNA binding affinity for the same DNA target is within the same range, or when there are large 148 differences in protein concentrations. We therefore measured binding affinity of recombinant 149 MpARF1 and MpARF2 DBDs to the same DNA site using a single-molecule FRET-based assay 150 ( Fig. 4e; Ref. 24 ). Proteins were titrated on immobilized DNA oligonucleotide labeled with FRET-151 compatible fluorophores (Fig. S9a) , such that protein binding would alter FRET efficiency ( Fig.   152 S9b), measured at single-molecule resolution (Fig. S9c) . As DNA, we used the ER7 sequence 153 consisting of two canonical ARF binding sites spaced by 7 nucleotides 11 (Fig. S9a) , similar to the 154 one co-crystallized with MpARF2 DBD (Fig. 1g) and that should bind to both proteins based on 155 homology models (Fig. 1h) . Using this assay, we derived a Kd of 12 nM for MpARF1 DBD, and 156 61 nM for MpARF2 DBD (Fig. 4f) , well within one order of magnitude, and compatible with 157 competition at near-stoichiometric protein concentrations. 158 Finally, to define true endogenous protein levels and accumulation patterns of MpARF1 159 and MpARF2, we generated genomic knock-in C-terminal translational fusions to mScarlet-I 160 fluorescent protein. Given that loss-and gain-of function of both MpARF1 and MpARF2 causes 161 strong developmental defects ( Fig. 1b; Fig 4c,d; Fig. S7,8; Ref. 12) , the normal phenotype of these 162 knock-in lines (Fig. 4g,h) demonstrates that these report endogenous protein levels. While 163 MpARF1-mScarlet-I broadly accumulates in gemmae (Fig. 4g) , MpARF2-mScarlet-I is restricted 164 to regions surrounding the apical notch (Fig. 4h) . Importantly, the spatial distribution patterns of 165 both proteins define distinct zones of cells that express only MpARF1 and MpARF2 in different 166 stoichiometries, and should thus confer differential auxin sensitivity. 167 Our study reveals a simple model revolving around two competing transcription factors 168 underlying auxin response in the minimal M. polymorpha system (Fig. 4i) 
